Introduction
The adaptation of the heart to mechanical stress and the development of heart failure (HF) depend on the type of load. Two types of load can be differentiated, namely preload and afterload, or volume overload (VO) and pressure overload (PO), respectively. Preload builds up during the diastolic filling of the ventricle that stretches the cardiomyocytes. This is sensed by myofilament proteins, which adapt the recruitment of contractile units and increase cardiac performance through the Frank-Starling mechanism. The giant molecule titin is stretched during preload elevation and might therefore function as a mechanosensor. Diastolic elasticity of the heart is partly controlled by titin. 1 Both titin isoforms shift from N2B to the longer N2BA isoform and phosphorylation of the titin springs modify the elastic properties of the cardiac walls and thereby, diastolic function.
1,2 During systole, afterload acts on the contractile protein complex within cardiomyocytes to produce cardiac stroke work against vascular resistance. During ejection preload declines and titin is unloaded. Both preload and afterload influence load-dependent ion channels and intracellular ion concentrations, 3 which in turn may also influence cardiac function and gene expression.
While pathologically increased afterload occurs in patients with aortic stenosis or arterial hypertension, an increase in preload occurs mainly in patients with mitral or aortic regurgitation. Ultimately, both types of overload may result in HF. Previously, we could show that experimental VO has an adaptive phenotype early (1 week) after surgery, while induced PO has an early maladaptive phenotype with rapid deterioration into HF, although load elevation was matched to yield the same stress-time integral in both models. 4 While the mechanisms of afterload-induced HF are widely studied, the mechanisms behind the transition to HF from adaptation in VO are poorly understood.
We could also show that the serine/threonine kinase protein kinase B (Akt) was more phosphorylated in the VO model induced by aortocaval shunt, compared with PO. This kinase is involved in various cellular processes, 5 and the role of Akt in the heart has been studied in transgenic mice. It has been associated with a favourable hypertrophy of the heart, as cardiac specific overexpression of a constitutively active form of Akt, the E40K mutant, led to an 'athlete's heart' phenotype. 6 Moreover, the Akt1 −/− mice were found to be resistant to swimming training-induced cardiac hypertrophy. 7 In contrast, Akt signalling also appears to participate in pathological heart growth. 8 Mice expressing Akt1 or Akt3 in the heart showed an increased heart size, interstitial fibrosis and cardiac dysfunction. 9, 10 The duration of Akt activation seems to be important, as studies with inducible cardiac-specific Akt1 transgenic mice have shown that short-term activation leads to hypertrophy with preserved contractile function, whereas long-term Akt1 expression results in excessive cardiac hypertrophy associated with pathological remodelling via an imbalance of cardiac vs. vessel growth, which is induced by a deficiency in vascular endothelial growth factor-mediated angiogenesis.
11
In this report we wanted to study the mechanisms of late HF development in chronic experimental VO, and we also aimed to address the hypothesis that Akt is important for early adaptation to preload.
Materials and methods
An expanded Methods section is available in the Supplementary material online (Methods S1).
The investigation conforms to the Guide for the Care and Use of Laboratory Animals (NIH publication No. 85-23, revised 1985) and was performed in accordance with the ethical standards laid down in the Declaration of Helsinki, 1964.
Results

Model characterization
We induced VO in mice by aortocaval shunt operation and performed serial echocardiography in these mice. Eccentric cardiac hypertrophy developed early (see the Supplementary material online, Figure S1 ), and hearts were harvested when the ejection faction (EF) was reduced below <50% (mean: 135 ± 35 days after operation). The hearts of these chronic VO mice showed an increased left-and right-ventricular weight-to-tibia length . (LVW/TL and RVW/TL, respectively) ratio compared with sham-operated hearts ( Figure 1A) , a 42% greater dilatation, and increased wall thickness and left ventricular (LV) chamber dimensions ( Figure 1B ,C and Supplementary material online, Table  S1 ). Survival curves were analysed after 20 weeks of shunt/sham surgery. No deaths occurred after sham surgery. However, shunt surgery resulted in a mortality rate of 20% ( Figure 1D ). Mice euthanized 20 weeks after surgery exhibited significantly increased lung weight-to-tibia length (LuW/TL) and liver weight-to-tibia length (LiW/TL) ratio consistent with congestive HF as a likely cause of the increased mortality in the volume-overloaded mice ( Figure 1E ).
Cardiac phenotype of chronic volume overload
As expected, single cardiomyocyte surface area was increased in VO by ≈ 30% (Figure 2A,B) . Cell death, estimated by the ratio of terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)-positive to total nuclei, was significantly increased by ≈ 90% in chronic VO hearts compared with sham hearts ( Figure 2C ). In addition, the level of the anti-apoptotic protein Bcl-2 was markedly decreased in VO and the ratio of BAX/Bcl-2 was significantly increased, consistent with increased apoptotic cell death signalling (Supplementary material online, Figure S2A ). As a possible cause of apoptosis, we investigated whether VO induced myocardial oxidative stress. Indeed, myocardial superoxide (O 2 − ) production assessed by dihydroethidium (DHE) showed an increase in shunt versus sham hearts ( Figure 2D ). Nitric oxide (NO) interacts with O 2 − to form oxidant peroxynitrite (ONOO − ), a potent oxidant whose presence may be indirectly reflected by an increase in nitrotyrosine (NT) formation. Nitrotyrosine immunostaining was increased substantially in shunt hearts (see the Supplementary material online, Figure S2B ).
Capillary density was visualized by immunostaining for CD31 as a marker for endothelial cells. The ratio of CD31-positive to total cells did not change in VO compared with that in sham hearts ( Figure 2E ). Maintained capillary density in chronic VO was paralleled with maintained expression of vascular endothelial growth factor (VEGF-A) and CD31 (Supplementary material online, Figure  S2C ). Interestingly, the degree of fibrosis measured by trichrome staining showed only a tendency to be elevated in shunt vs. sham mice ( Figure 2F ). Expression of Collagen3 1 (the main constituents of the cardiac extracellular matrix) and alpha-smooth muscle actin ( SMA) (a primary marker of fibroblast-to-myofibroblast conversion) were also not changed in shunt versus sham (Supplementary material online, Figure S2D ). Neither the autophagy nor the ubiquitinated proteins exhibited any significant difference between chronic VO and sham controls (see the Supplementary material online, Figure S3 ).
Signalling pathways in volume overload
Classical markers of the fetal gene expression program were also differentially expressed in chronic VO vs. sham. Atrial natriuretic peptide (Nppa) expression was upregulated by 10-fold, whereas brain natriuretic peptide (Nppb) showed an increase by 2.3-fold, along with a decrease in sarcoplasmic reticulum Ca 2+ ATPase (Serca2a) expression to ≈ 80% of that in sham ( Figure 3A ). We observed a significant linear correlation between hypertrophy markers and structural/functional echocardiographic data (see the Supplementary material online, Figure S4A ,B). Furthermore, the gene expression profiles of Nppb, Nppa, and Serca2a significantly correlated with one another (see the Supplementary material online, Figure S4C) We analysed the classical HF signalling pathways by phosphospecific antibodies. We found that Akt showed a lower degree of phosphorylation in chronic VO compared with sham hearts ( Figure 3B ). Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) as a negative regulator of Akt was unaltered in chronic VO, indicating a PTEN-independent mechanism of Akt inhibition. Interestingly, activation of the calcineurin/nuclear factor of activated T cells (NFAT) pathway, measured by Rcan1.4 expression, and phosphorylation of CaMKII c were significantly , and phosphorylated protein levels normalized to the respective total proteins (right panel). Data are means ± SEM; * P < 0.05; ** P < 0.01; *** P < 0.001 vs. sham. Numbers in bars are number of mice; analysis per heart in duplicate.
increased in chronic VO ( Figure 3A,B) . The mitogen-activated protein kinases Jnk, P38 and extracellular-signal-regulated kinases 1/2 showed phosphorylation levels in VO comparable to those in sham hearts ( Figure 3B ).
Titin hypophosphorylation in chronic volume overload
Volume overload-induced myocardial stretch affects the elastic components of the cardiomyocytes, including titin's I-band region. Titin-based myocardial stiffness is mainly determined by the relative expression levels of the cardiac titin isoforms N2B and N2BA, 2 and by phosphorylation of the elastic titin elements, N2-B unique sequence (N2-Bus) and PEVK-region (PEVK, proline, glutamate, valine, and lysine residues). 1 Therefore, we quantified titin isoform expression and phosphorylation in acute and chronic VO. Titin isoform composition remained unchanged in chronic shunt vs. sham hearts (see the Supplementary material online, Figure S5B ,C). In contrast, all-titin phosphorylation was significantly reduced in chronic VO by ≈ 50% ( Figure 4A and Figure S5A ). Using affinity-purified phosphospecific antibodies, we assessed by western blot the phosphorylation status at conserved serines within the N2Bus (S3991, S4043, and S4080) and PEVK segments (S12742 and S12884) ( Figure 4C) . Compared with sham, chronic shunt hearts exhibited significant hypophosphorylation at the S3991, S4080, and S12884 sites, hyperphosphorylation at the S12742 site, but similar phosphorylation at the S4043 site ( Figure 4D and Figure S5A ). These changes suggest a stiffer titin.
In the early phase of experimental VO at 1 week after shunt, we observed a similar pattern of altered total and site-specific titin phosphorylation, albeit to a lesser extent. 
Akt is involved in the early adaptation to volume overload
Because Akt is activated in the early phase of experimental VO, 4 we tested the hypothesis that Akt is involved in the early adaptive response to VO and could protect against HF development. Comparison of Akt −/− mice with their wild-type (WT) littermates showed a higher mortality after VO in Akt −/− mice ( Figure 5A ). At 4 weeks after shunt, the degree of cardiac hypertrophy, measured by either left ventricular weight-to-body weight ratio or by septum width, was reduced in Akt −/− vs. WT animals ( Figure 5B ,C and Supplementary material online, Table S2 ). In addition, LV dilatation was reduced compared with control, indicating a misbalanced adaptation of Akt −/− mice to VO ( Figure 5D and Supplementary material online, Table S2 ). The cardiac function measured by EF was slightly reduced in Akt −/− mice by this time-point ( Figure 5E ; Supplementary material online, Table S2 ). After 20 weeks of VO, impaired cardiac function was seen in WT shunt mice, but this was more pronounced in Akt −/− shunt animals, indicating a loss of protective remodelling in Akt −/− mice ( Figure 5E and Supplementary material online, Table S3 ).
Discussion
Volume overload by aortocaval shunt was reported to exhibit an early adaptive phenotype with late HF development. 4 In the present study, we showed that transition to HF in experimental VO (i) is associated with decreased Akt, increased activation of CaMKII and calcineurin, and apoptosis induction, (ii) is accelerated by 
Myocardial fibrosis
In contrast to other forms of HF (PO, myocardial infarction, dilated cardiomyopathy), VO did not induce fibrosis. Previous analyses in rat and dog models showed that there is relatively little change in collagen synthesis, but an abnormal production of non-collagen extracellular matrix. 12 This seems to be also true in humans. 13 In the early phase of VO, a controlled dilatation of the heart is required for a successful adaptation. Dilatation is closely regulated by matrix metalloproteinases and tissue inhibitor of metalloproteinases that are partly secreted by inflammatory cells, especially mast cells.
14 It was suggested that during the progression from the compensated state to HF these processes are more and more dysregulated, so that further dilatation and, over time, impairment of cardiac function occurs.
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Oxidative stress
It has been reported that oxidative stress plays a role in the VO model. 16 Here, we observed a robust generation of superoxide and thus, increased oxidative stress by DHE staining in the myocardium of the VO model compared with controls. Increased superoxide concentration reduces the bioavailability of NO by chemical inactivation to form toxic peroxynitrite. Markedly increased protein nitration was observed through nitrotyrosine staining. Increased oxidative stress activates a broad variety of hypertrophy signalling kinases and transcription factors and induces apoptosis, resulting in a potentially deleterious effect on myocardial contractility.
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Oxidative stress may also be linked to extracellular matrix (ECM) remodelling, as loss of interstitial collagen seems to induce oxidative stress. 18 In contrast, treatment of VO animals with the antioxidant mitoubiquinone (MitoQ) did not prevent LV dilatation and HF.
16 Therefore, it is unclear whether oxidative stress is the result of dilatation or is also a player in the development of HF. Further studies are needed to resolve this issue.
Apoptosis
The heart is very sensitive to myocyte death, and very low levels of myocyte apoptosis were sufficient to cause pathological ventricular remodeling. 19 We showed that transition to HF in VO is associated with increased apoptotic cell death. Furthermore, we demonstrated decreased phosphorylation of Akt, increased CaMKII and elevated oxidative stress in remodelled hearts exposed to VO. These alterations may trigger downstream mechanisms that increase myocardial apoptosis after shunt.
Titin hypophosphorylation
Titin is stretched by increased preload as it occurs in our VO model. Titin stiffness has recently been reported to be increased after 4 weeks of VO. 20 This could lead to diastolic dysfunction and progression of HF or, alternatively, this could have a protective effect by limiting ventricular dilatation. The authors showed the presence of dilatation in a mouse model expressing very long, compliant titin, compared with WT titin mouse hearts; however, normal cardiac function was maintained. 20 Markers of survival and other markers of HF were not analysed in this study, leaving questions unanswered about the role of titin stiffness in maladaptive vs. protective cardiac remodelling in VO.
Titin stiffness can substantially be modified by altered isoform expression and phosphorylation. Patients with end-stage HF caused by dilated cardiomyopathy were shown to have decreased or unaltered total titin phosphorylation. 21, 22 Site-specific phosphorylation at titin spring elements showed a consistent pattern in dilated cardiomyopathy and hypertrophic cardiomyopathy patients, as well as in dog hearts with early diastolic HF: N2Bus phosphorylation was decreased and PEVK phosphorylation (partially) increased. 22, 23 Both these alterations are predicted to cause increased titin stiffness. 21, 24, 25 The same pattern of changes in titin phosphorylation could be detected in our chronic VO model. Interestingly, the alterations were already present after 1 week of VO.
. This finding is consistent with a role of titin stiffness in limiting cardiac dilatation in VO, particularly in the absence of fibrosis. This would be in contrast to PO-induced HF, where global stiffness of the heart is increased because of fibrosis while titin stiffness is reduced, perhaps as a compensatory mechanism. However, increased sarcomeric stiffness in VO may also cause contractile dysfunction at the level of the contractile machinery. Interestingly, the phosphorylation of the PKA (S3991) and PKG (S4080) sites of titin was decreased in our VO model, suggesting that the local activities of PKA and/or PKG might be reduced in the shunt model. The phosphorylation of the two CaMKII c sites on titin was unaltered (S4043) or even decreased (S12884) in our model, whereas phosphorylation of both these sites was found elsewhere to be increased in human failing hearts. 26 These observations suggest a limited role of CaMKII c in VO-induced titin phosphorylation. Taken together, our findings point to a scenario whereby increased titin stiffness via hypophosphorylation limits cardiac dilatation in VO. Whether increased titin stiffness contributes to HF by causing diastolic or systolic dysfunction of the contractile machinery needs to be analysed in further studies.
Akt is critically involved in the early adaptation to volume overload
Previously, we showed that Akt is activated at an early time-point of experimental VO, whereas other pro-hypertrophic pathways such as calcineurin, CaMKII, or mitogen-activated protein kinase (MAPK) do not seem to play a role. 4 Here, we analysed the role of Akt activation in VO hypertrophy and the development of HF. The Akt −/− mice showed a decreased cardiac hypertrophic response with early HF development and a higher mortality rate compared with WT mice. Thus, VO may have similar effects on cardiac hypertrophy as exercise, which was shown to have a lesser impact on the (physiological) development of hypertrophy in Akt −/− than in WT mice. 7, 27 Pressure overload induced an increase in heart mass in Akt −/− mice. 7 This suggests a beneficial role for Akt activation in cardiac remodelling, both by limiting maladaptive as well as mediating adaptive cardiac hypertrophy under different stress conditions. In our VO model, early Akt activation contributes to beneficial hypertrophy whereas reduced activation, indicated by a decreased phosphorylation status at a later time-point, seems to contribute to the progression of HF. The changes in Akt signalling seem to be independent on PTEN. This indicates that upstream mechanisms of integrin and focal adhesion kinase (FAK) may play a more prominent role in early activation and possibly also in late inhibition of Akt.
Signalling pathways in chronic volume overload
In chronic VO, we demonstrated re-expression of the fetal gene program (upregulation of Nppa and Nppb). Interestingly, the upregulation of Nppa was much more pronounced compared with that of Nppb, while in the previously published PO model, Nppb was upregulated more than Nppa. This finding indicates that at least part of the deregulation in chronic VO is different from that in PO.
Figure 6
Schematic diagram for the transition to heart failure in volume overload. Akt, protein kinase B; CaMKII , calcium/calmodulin-dependent protein kinase II ; CN, calcineurin; EC coupling, excitation-contraction coupling. Evidence is provided in this and our previous publication. 4 Preserved matrix stiffness owing to unchanged fibrosis; increased sarcomere stiffness owing to titin hypophosphorylation; increased apoptosis indicated by increased Bax/Bcl-2 and terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL); deteriorated EC-coupling indicated by decreased Serca2a and increased CaMKII (CaMKII modifies EC-coupling). 29 Analyses of the classical HF signalling pathways in chronic VO showed that calcineurin and CaMKII c are activated. As shown previously, CaMKII-knockout rescued PO-subjected mice from apoptosis and HF. 28 Therefore, in addition to decreased Akt activity, increased CaMKII activity may be the key alteration in signalling to induce failure in VO. We conclude that deactivation of Akt and activation of CaMKII may induce the transition to HF. In PO these changes seem to occur immediately after load elevation. 4 In contrast, this kinase switch takes place later in VO and thus is not directly induced by elevated preload. Moreover, the signal switch is associated with increased oxidative stress and apoptosis, which may be important triggers for the transition to HF in VO. Unlike PO-induced HF, VO-induced HF is not associated with increased fibrosis. Lack of fibrosis may be part of the adaptive mechanism of increased LV volume. One may speculate that lack of matrix stiffness is compensated by increased sarcomeric stiffness owing to titin hypophosphorylation. While this may be compensatory at the level of myocardial tissue stability, it may be detrimental regarding contractile function at the sarcomeric level ( Figure 6 ). 29 The fact that early development of HF in experimental PO 4 and late HF progression in induced VO are associated with deactivation of Akt and activation of CaMKII supports the notion that mechanisms which activate Akt and/or suppress CaMKII may be important therapeutic targets.
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